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Abstract: In mammalian cells, microtubules are present both in interphase and dividing cells. In 
the latter, microtubules forming the mitotic spindle are highly dynamic and exquisitely sensitive 
to therapeutic inhibitors. Developed to alter microtubule function, microtubule-binding agents 
have been proven to be highly active as an anticancer treatment. Significant development of 
microtubule-binding agents has taken place in recent years, with newer anti-tubulin agents now 
showing novel properties of enhanced tumor specificity, reduced neurotoxicity, and insensitivity 
to chemoresistance mechanisms. Hepatocellular carcinoma remains one of the most difficult can- 
cers to treat, with chemotherapies being relatively ineffective. There is now evidence to suggest 
that microtubule-binding agents may be effective in the treatment of hepatocellular carcinoma, 
especially when used in combination with mammalian target of rapamycin inhibitors. Preclinical 
models have suggested that the latter may be able to overcome resistance to microtubule binding 
agents. In this review article, recent developments of novel microtubule binding agents and their 
relevance to the treatment of hepatocellular carcinoma will be discussed. 
Keywords: chemotherapy, microtubule-binding agents, microtubular stabilization and desta- 
bilization, mTOR inhibition 

Introduction 

Hepatocellular carcinoma (HCC) is the third commonest cause of cancer-related deaths 
worldwide.'^ While surgical resection and liver transplantation are the two mainstays 
of treatment with a potential for cure, these approaches can only be applied to patients 
with early-stage HCC.^ The majority of patients diagnosed with HCC are not ame- 
nable to a curative resection, or eventually progress despite locoregional treatments 
at which point systemic treatment, with a palliative intent, is considered. Cytotoxic 
chemotherapies have not been effective. To date, the only systemic agent that has been 
shown to provide survival benefit over best supportive care is sorafenib, a multikinase 
inhibitor of vascular endothelial growth factor receptor (VEGFR), platelet-derived 
growth factor receptor (PDGFR) and Raf.'*"'' However, the overall prognosis of HCC 
patients remains poor There is thus a need to identify better therapies for patients 
with advanced disease. 

Gene expression profiling studies have recently shown that microtubule-related 
cellular assembly and organization is the most crucial event in HCC development,' ' 
suggesting microtubules to be an important target for therapeutic intervention in HCC. 
Microtubule-targeting agents are compounds that bind to soluble and/or polymerized 
tubulin in the microtubules, thus affecting microtubule function. Microtubules, con- 
stituting the mitotic spindle in dividing mammalian cells, are exquisitely sensitive to 
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therapeutic inhibitors. For this reason, several microtubule- 
binding agents (MBAs) have been developed with different 
aims, including for use as pesticides, antiparasitics, and 
cytotoxic chemotherapeutics. These agents exert antimitotic 
activity and inhibit cell proliferation by inducing cell cycle 
arrest and apoptosis. 

In the age of small-molecule and monoclonal antibody- 
based targeted therapies in cancer treatment, it is notewor- 
thy that significant resources are still being devoted to the 
identification and evaluation of novel MBAs. This is partly 
due to the large untapped reservoir of potential therapeutic 
natural compounds, which influence microtubule dynamics, 
and also our growing understanding of the role of microtubule 
cytoskeleton in cancer cells. 

This review will serve to highlight recent findings and to 
speculate on the potential and future directions of microtubule 
targeting, alone or in combination with other compounds, 
with focused discussion on the potential role of this class 
of agent in HCC. 

Biology of the microtubule 

The microtubule has a critical regulatory fiinction that affects 
not only mitosis, but also cytoskeletal shape, cell motility, and 
intracellular protein and organelle transport.'" Microtubules 
are composed of a- and p-tubulin subunits, each consisting 
of approximately 450 amino acids with a molecular weight 
of 50,000 Da, and are compacted into very complex mono- 
meric structures." The unique fiinctions of microtubules and 
the principal actions of anti-microtubule agents relate to the 
dynamic equilibrium between a- and P-tubulin heterodimer 
subunits and the microtubule polymer. Tubulin polymer- 
ization occurs by a nucleation-elongation mechanism, in 
which the slow formation of a short microtubule "nucleus" 
is followed by rapid elongation of the microtubule at its ends 
by the reversible, noncovalent addition of a- and P-tubulin 
heterodimers. In essence, the microtubule polymer is in a 
complex and dynamic equilibrium with the intracellular pool 
of a- and p-tubulin heterodimers, which incorporates free 
heterodimers into the polymerized structure and simultane- 
ously releases heterodimers into the soluble tubulin pool. 
Microtubule assembly and disassembly occur simultaneously 
at both ends of the microtubule, and the net effect, elongation 
versus shortening, is determined by several factors, including 
the concentration of free tubulin and various chemical media- 
tors such as magnesium and calcium ions and guanosine 
triphosphate." 

Two fundamental processes govern microtubule dynam- 
ics in vivo. The first, known as treadmilling, is the net 



growth at one end of the microtubule and the net shortening 
at the opposite end.'^ '^ Treadmilling plays a role in many 
microtubule functions, most notably the polar movement 
of the chromosomes during the anaphase stage of mitosis. 
The second dynamic behavior, termed dynamic instability, 
occurs when the plus ends of individual microtubules switch 
spontaneously between states of slow sustained growth and 
rapid shortening." The rate of dynamic instability is accel- 
erated during mitosis, which results in the formation and 
attachment of the mitotic spindles to the chromosomes. The 
rate and magnitude of both dynamic instability and tread- 
milling can be altered by microtubule-associated proteins 
and other regulatory proteins, variable expression of tubulin 
isotypes, posttranslational tubulin modifications, and tubulin 
mutations. 

MBAs disrupt microtubule dynamics that involve the 
mitotic spindle. Suppression of the two major dynamic 
processes of the mitotic spindle, namely treadmilling and 
dynamic instability, are the principal means by which MBAs 
disrupt cellular function and induce cell death. 

Mechanisms of action of MBAs 

Having been first isolated half a century ago, the vinca 
alkaloids and, subsequently, the taxanes are two families of 
MBAs currently administered in various indications includ- 
ing solid tumors and hematological malignancies. Table 1 
highlights a selection of MBAs currently in clinical practice 
or undergoing clinical trials. 

While vinca alkaloids are often given in combination 
regimens with other cytotoxics, taxanes have established 
their role both as single agents and as an essential partner in 
doublet chemotherapies, often in combination with platinum- 
based agents. The armamentarium of MBAs also consists 
of newer agents, including epothilones and halichondrins, 
together with a resurgence of interest in maytansinoids when 
incorporated into antibody-drug conjugates (ADCs). MBAs 
are peculiar in their structural diversity and complexity. 
Significant difficulties have been encountered in their devel- 
opment, as many agents were isolated from marine organ- 
isms or flora, which were not cultivated and only present in 
minute amounts. Demand for these agents to be available in 
the clinic has also led to improvements in partial and total 
synthesis techniques. 

Destabilization and stabilization 
of microtubules 

MBAs are often classified into two major groups: microtubule- 
destabilizing and microtubule-stabilizing agents. Both classes 
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Table I Microtubule-binding agents currently in clinical practice or in development in clinical trials 



Mechanism Type of Family Compound Clinical applications/pertinent active 

of action microtubule- clinical trials 

binding agent 



Microtubule Vinca-domain 


Vincas 


Vincristine 


ALL, lymphomas, various solid tumors 


destabilizing binder 




Vindesine 


ALL, lymphomas, lung cancer 






Vinorelbine 


Breast cancer, NSCLC 






Vinblastine 


Lymphomas, various solid tumors 






Vinflunine 


Bladder cancer, NSCLC, breast cancer 




Halichondrin 


Eribulin 


Breast cancer 




Maytansinoids 


Mertansine ADCs 


T-DM 1 approved for breast cancer 




Dolastatins 


Brentuximab vedotin 


Hodgkin's lymphoma 


Colchicine- 


Combretastatins 


Fosbretabulin 


Phase l/ll trials in GBM, lung, thyroid, and sarcomas 


domain binder 




Verubulin 








Crinobulin 








Ombrabulin 




Microtubule Taxol-domain 


Taxanes 


Paclitaxel 


Ovarian cancer, breast cancer, NSCLC 


stabilizing binder 




Docetaxel 


NSCLC, breast cancer, prostate cancer, stomach 








cancer, head and neck cancer 






Cabazitaxel 


Prostate cancer 






Nab-paclitaxel 


Breast cancer, pancreas cancer 




Epothilones 


Ixabepilone 


Breast cancer 






Patupilone 


Clinical trials for brain metastases in breast and 








ovarian cancers, melanoma, and other solid tumors 






Sagopilone 


Clinical trials in GBM, prostate, and lung cancers 






KOS-IS84 


Phase II trials in NSCLC 






(epothilone D analog) 




Others Estramustine - 


binds to microtubule-associated protein 


Prostate cancer; clinical trials with taxanes, vincas. 








and ixabepilone for prostate cancer 


Note: Adapted from Dumontet C, Jordan 


MA. Microtubule-binding agents: 


a dynamic field of cancer therapeutics. Reprinted by permission from Macmillan Publishers Ltd: 


Nature Reviews Drug Discovery © 20 1 0.^° 








Abbreviations; ADC, antibody-drug conjugate; ALL, acute lymphoblastic leukemia; NSCLC, non-small-cel 


lung cancer; GBM, glioblastoma multiforme; nab, nanoparticle 



albumin-bound; T-DM I, trastuzumab emtansine. 



of drug potently suppress microtubule dynamics. Microtubule- 
destabilizing agents inhibit microtubule polymerization when 
present at high concentrations, typically binding to the vinca 
or colchicine domains, of which the former is more readily 
available in clinical practice. Vinca-domain binders include 
the vinca alkaloids (vincristine, vinblastine, vindesine, and 
vinorelbine), originally isolated from the periwinkle plant 
Catharanthus rosea, which represent the oldest and most 
diverse family of MBAs and have helped improve treatment 
outcomes in both hematological and solid malignancies. 
Their oncolytic activity is due to inhibition of formation 
and possibly the disruption of mitotic spindle microtubules, 
thereby arresting cell division in metaphase."" Vinflunine is 
a novel fluorinated vinca alkaloid obtained by semi-synthesis 
using superacid chemistry to selectively introduce two 
fluorine atoms at the 20' position of catharanthine moiety of 
vinorelbine." Vinflunine is currently approved in Europe by 
the European Medicines Agency (EMEA), as a second-line 
agent for inoperable or metastatic urothelial carcinoma, in 
combination with cisplatin as doublet chemotherapy."* It has 
also seen clinical activity in advanced non-small-cell lung 



cancer" and in breast cancers,^" even in patients refractory to 
vinorelbine treatment.^" 

Eribulin, a synthetic derivative of the marine sponge natu- 
ral product halichondrin B, is a naturally occurring mitotic 
inhibitor with a unique mechanism of action of binding pre- 
dominantly to a small number of high-affinity sites at the plus 
ends of existing microtubules.^' Eribulin exerts its anticancer 
effects by triggering apoptosis of cancer cells following pro- 
longed irreversible mitotic blockade. It has been shown to 
be active in patients with metastatic breast cancer relapsing 
after anthracyclines and taxanes. In a Phase III open-label 
randomized study^^ that investigated eribulin versus the phy- 
sician's choice of treatment, overall survival was significantly 
improved in women assigned to eribulin compared with the 
physician's choice (13.1 versus 10.6 months, respectively; 
P=Q.QA\). Neutropenia was commoner in patients receiv- 
ing eribulin (52% versus 30% at all grades) and peripheral 
neuropathy was the commonest adverse event ([AE] (5%) 
leading to discontinuation of eribulin. 

Recent development of ADCs utilizes antibodies to deliver 
cytotoxic agents specifically to antigen-expressing tumors. 
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ADCs with potent MBAs as payloads have created a new and 
exciting role for MBAs in anticancer therapy. Maytansinoids 
and auristatins both bind to the vinca-binding domain of tubu- 
hn and have similar cytotoxic potency in the picomolar range. 
The ADCs made with these tubulin-binding agents release 
the active payload after internalization and processing within 
endosomes or lysosomes.^'"^^ Brentuximab vedotin comprises 
the anti-CD30 monoclonal antibody cAClO conjugated to 
the cytotoxic agent monomethyl auristatin E, a synthetic 
analog of the tubulin polymerization inhibitor dolastatin 10, 
via linkage to a chimeric immunoglobulin (Ig)Gl antibody 
formed by partial reduction of interchain disulfide bonds of 
Ig. Brentuximab vedotin has been granted accelerated con- 
ditional approval by the US Food and Drug Administration 
(FDA) after its efficacy was proven in a single-arm Phase II 
trial of Hodgkin's lymphoma patients who had progressed 
after an autologous stem cell transplant, or in patients who 
were ineligible for transplant, having progressed on at least 
two chemotherapy regimens.^'' Tumor reductions were seen 
in 94% of the over 100 patients recruited in the trial. 

Trastuzumab emtansine (T-DMl) combines the human- 
ized IgGl anti-hiraian epidermal growth factor 2 (HER2) 
antibody, trastuzumab, with the maytansinoid DM1 utilizing 
an uncleavable cross-linking agent. This particular conjugate 
design was selected for clinical development based on potent 
antiproliferative activity in vitro and antitumor activity with 
reduced toxicity in vivo in preclinical models including 
HER2-overexpressing models resistant to trastuzumab.^' 
Its clinical development has been promising. The landmark 
EMILIA Phase III triaP*' that compared T-DMl with lapa- 
tinib and capecitabine in metastatic HER2 -positive breast 
cancer patients who had previously received trastuzumab 
treatment showed significant improvement in efficacy end- 
points in the treatment arm, as well as fewer grade 3 or 4 AEs. 
The robust antitumor activity and good tolerability of T-DMl 
has led to a significant paradigm shift in the treatment in 
HER2 -positive metastatic breast cancer, and the study has led 
to clinical approval for its use in HER2 -positive metastatic 
breast cancer in the second-line setting.^* A recent Phase II 
study of T-DMl versus trastuzumab in combination with 
docetaxel in trastuzumab-nai've HER2 -positive metastatic 
breast cancer patients as first-line treatment^' showed sig- 
nificantly better progression-free survival in the T-DMl arm 
(14.2 months versus 9.2 months; hazard ratio 0.59; 95% 
confidence interval: 0.36-0.97). Fewer grade 3 or more 
severe AEs were also documented in the T-DMl arm, and a 
significantly lower number of AEs leading to discontinuation 
of treatment was noted. In addition, a randomized Phase III 



study involving T-DMl seeks to confirm the benefit of this 
agent in the first-line setting; enrollment has been completed 
and analysis of results is pending (NCTOl 120184).^° 

Colchicine-site binders include colchicine and its ana- 
logs, combretastatins, podophyllotoxin, 2-methoxyestradiol, 
steganacins, and curacins.^' Combretastatins in particular 
have been shown to target and disrupt vasculature, possibly 
by their effects on the microtubule cytoskeleton of endothe- 
lial cells. In Phase I trials of combretastatin A4, unusual 
toxicities such as tumor pain, ataxia, and cardiovascular 
modifications, including prolonged corrected QT interval 
and electrocardiography changes consistent with acute coro- 
nary syndrome have been observed. A key issue for the 
approval of this family of agents in clinical use will be the 
ability to limit its toxicities in the normal vasculature. 

Microtubule-stabilizing agents enhance microtubule 
polymerization at high drug concentrations. The most rep- 
resentative group in this category is taxol-domain binding 
agents, including paclitaxel and docetaxel, which are com- 
monly used in the treatment of breast and non-small-cell 
lung cancers, and cabazitaxel, which has recently received 
approval for use in metastatic prostate cancer that has failed 
prior docetaxel therapy. Unlike other tubulin-targeting drugs 
such as colchicine that inhibit microtubule assembly, tax- 
anes stabilize the microtubule polymer and protect it from 
disassembly." Chromosomes are thus unable to achieve a 
metaphase spindle configuration. This blocks progression of 
mitosis, and prolonged activation of the mitotic checkpoint 
triggers apoptosis or reversion to the G phases of the cell 
cycle without cell division. 

Issues with currently available taxanes include the fact that 
their water solubility is poor and the use of surfactants, such 
as Cremophor EL® - BASF SE (Limburgerhof, Germany) in 
the case of paclitaxel, or ethanol in the cases of docetaxel 
and cabazitaxel, is required for intravenous administration, 
thus increasing the risk of hypersensitivity reactions.'^ Novel 
taxane formulations have also been developed with the intent 
of reducing issues associated with poor solubility or hyper- 
sensitivity." Nanoparticle albumin-bound (nab)-paclitaxel 
was associated with better outcome, a lower rate of severe 
neutropenia, and a similar rate of reversible sensory neuropa- 
thy when pitched against conventional docetaxel therapy in 
patients with advanced metastatic breast cancer.'* 

The other class of microtubule-stabilizing agents under 
the taxane-domain-binder category tested and in clinical 
practice includes epothilones, which were originally isolated 
from the myxobacterium Somngium celhtlosum. Although 
taxanes and epothilones occupy the same binding site on 
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p-tubulin, electron crystallography studies and molecular 
modeling suggest that epothilones do not share a common 
pharmacophore with taxanes.^' They have shown promise 
as a novel family of agents for cancer treatment as they may 
retain activity against taxane-resistant tumors. 

Ixabepilone is a semi-synthetic analog of epothilone B."*" 
Ixabepilone was developed to overcome the narrow therapeu- 
tic index of epothilone B and is thought to be more metaboli- 
cally stable. The increased stability of ixabepilone may be 
due to the substitution of the lactone with a lactam, which 
reduces its metabolism by carboxylesterase.'"' Compared 
with paclitaxel, ixabepilone showed similar antitumor 
activity in paclitaxel-sensitive tumors and three- to fivefold 
higher activity in paclitaxel-resistant tumors that overexpress 
P-glycoprotein or contain a tubulin mutation.'" Moreover, 
ixabepilone had better antitumor activity against a panel of 
pediatric tumor xenograft models compared with paclitaxel, 
which was either ineffective or effective only at toxic doses. ''^ 
Ixabepilone is approved as monotherapy for the treatment of 
locally advanced or metastatic breast cancer (MBC) resistant 
or refractory to anthracyclines, taxanes, and capecitabine in 
the United States. Additionally, it is indicated in combination 
with capecitabine in patients with locally advanced or MBC 
that is resistant to anthracyclines and taxanes or resistant 
to taxanes with contraindications to anthracycline therapy. 
However, in a randomized Phase II study as first-line therapy 
for metastatic breast cancer in which ixabepilone was com- 
pared to weekly paclitaxel, both combined with bevacizumab, 
ixabepilone was reported to have similar efficacy relative 
to weekly paclitaxel but was associated with significantly 
greater risk of grade 3 or 4 neutropenia."' 

Patupilone is several times more potent than taxanes 
in its ability to induce tubulin dimerization and stabilizing 
microtubules in vitro and appears to have a different P-tubulin 
binding site than taxanes.'''**^ Importantly, patupilone is also 
not affected by common tumor resistance mechanisms, 
including P-tubulin mutation and overexpression of drug 
efflux pumps. Its antitumor activity has been shown in 
several clinical trials with various tumor types, including 
prostate, ovarian, and colon cancers.'""" 

In addition, estramustine is a stable conjugate of estradiol and 
nornitrogen mustard with antimitotic properties. Binding of the 
drug to microtubule-associated proteins, tubulin, and proteins of 
the nuclear matrix are presently considered to be the most likely 
mechanisms underlying the cytotoxicity of estramustine. The 
agent is used in androgen-independent prostatic carcinoma,^' 
and ongoing trials'^"" are testing its role in combination with 
taxanes, vincas, and ixabepilone for prostate cancer. 



Further to the above, the family of serine/threonine 
kinases called Aurora is emerging as an extremely important 
controller of cell mitosis, which is essential to maintaining 
genomic stability. The Aurora kinase inhibitors, although not 
strictly belonging to microtubule-targeted agents, are another 
class of agents that control cell mitoses by regulating the 
formation of the mitotic spindle in cell division. This is par- 
ticularly important because aurora kinase is the first defense 
against the possible development of an aneuploid clone and is 
the controller of correct chromosome segregation. Aberrant 
expression of one or more of the three members of the Aurora 
family (Aurora A, B, or C) has been observed in many solid 
and hematological malignancies.'"' 

Antiangiogenic effects and associated 
vascular disruption 

Formation of new blood vessels is an integral part of migration 
of endothelial cells and tumor progression. Two approaches 
to inhibit vascular formation are to inhibit angiogenesis and 
to destroy the integrity of existing tumor vasculature using 
vascular-disruptive agents,'" with processes appearing to be 
sensitive to microtubule-targeted drugs." Vinca alkaloids 
have been shown to damage tumor vasculature in animal 
models. For example, in vitro studies have shown that 
vinflunine can induce a rapid change in the morphology of 
endothelial cells and disrupt the network of capillary-like 
structures, indicating potential vascular-disrupting activity.*' 
Furthermore, vinflunine also shows antiangiogenic proper- 
ties, since it inhibits endothelial cell migration and the capac- 
ity of these cells to organize into a network of capillary-like 
structures. While it is unclear whether antitumor activity 
manifested by these compounds is due to classical antimitotic 
effects on microtubule dynamics or vascular disruption or 
both, MBAs should be regarded as having antiangiogenic 
activities. This belief has also prompted novel methods aim- 
ing to assess changes in tumor perfusion, such as dynamic 
contrast-enhanced magnetic resonance imaging measure- 
ments of gadolinium uptake and washout as well as positron 
emission tomography. 

MBAs in HCC 

Throughout the last 2 decades, extensive preclinical studies 
with various classes of cytotoxics have reconfirmed the fact 
that HCC is a relatively chemoresistant tumor. Doxorubicin is 
a cytotoxic agent that has been tested in various settings over 
the past few decades.*^ Aside from intravenous administra- 
tion, prior studies have also investigated different methods of 
drug delivery in the form of doxorubicin drug-eluting beads 
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given via a transarterial approach''^"''^ or the use of thermo- 
sensitive liposomal doxorubicin'''' ''' as adjunctive treatment 
on top of radiofrequency ablation of individual tumors. These 
different studies showed varying degrees of success. 

A recent advancement for systemic therapy in HCC was 
made when two large Phase III randomized controlled trials 
showed that sorafenib, a multikinase antiangiogenic small 
molecule tyrosine kinase inhibitor, can lead to an improve- 
ment in overall survival in both Western and Asian patients 
with inoperable HCC when compared to best supportive 
care.''''''*'''' There has been a continuing desire amongst 
investigators to identify other systemic agents that may also 
bear therapeutic potential. Microtubule assembly is a poten- 
tial therapeutic target in HCC, and a number of systemic 
agents that target this have been investigated. 

Vinca alkaloids 

Surprisingly, although often considered as the most mature 
group of MBAs, and with several of these agents currently 
approved for other oncological indications that are in routine 
clinical practice, vinca alkaloids as single agents have not 
been extensively studied in HCC. 

Vindesine was tested in a Phase II study in 16 patients 
with advanced HCC but did not show a therapeutic effect.'" 
Vinflunine has been studied in a Phase I dose-escalation trial 
in patients with liver dysfiinction." A high number of patients 
with HCC and concomitant liver cirrhosis (Child-Pugh grades 
A and B) were included in the study (18/30 patients). A sub- 
group analysis was carried out in these patients to estimate 
vinflunine 's antitumor activity. All 18 patients were outside 
Milan criteria and ineligible for liver transplantation. Thirteen 
patients had previously been treated with chemotherapy. The 
World Health Organization performance status scores of these 
patients were predominantly 0-1 . One partial response (PR) 
was observed while eleven patients (61.1%) had stable dis- 
ease yielding a disease control rate (PR -i- stable disease) of 
66.7%. The median progression- free survival was 3 .4 months 
(95% confidence interval: 2.6-6.0). Myelosuppression was 
one of the most common toxicities. However, there was no 
occurence of febrile neutropenia. Fatigue and abdominal 
pain were other less common adverse events.'' Although 
the disease control rate appeared promising, at the time of 
preparation of this manuscript, we were not aware of any 
dedicated clinical trials of vinflunine for HCC. 

Taxanes 

Taxanes, specifically docetaxel and paclitaxel, have been 
shown'^'^ to have tumor suppressive effects in preclinical models 



on HCC cell lines. As drug delivery by nanoparticles has been 
shown to allow for improved efficacy with reduced side effects in 
other tumors, nab-paclitaxel was also studied in a panel of HCC 
cell lines.' Nab-paclitaxel showed an effective half maximal 
inhibitory concentration dose that was 1 5 -fold lower than that of 
paclitaxel or docetaxel. When compared with doxorubicin, the 
half maximal inhibitory concentration dose (IC50) was 450-fold 
lower. Flow cytometry confirmed that nab-paclitaxel induced 
a cell cycle blockade at G2/M phase, thus leading to increased 
apoptosis following treatment.' In vivo animal models also 
showed that nab-paclitaxel readily inhibited xenograft growth 
with less toxicity to host cells compared to other MBAs and 
doxorubicin.' In addition, it has been reported that STMNl is 
a key factor in controlling microtubule dynamics; this microtu- 
bule regulatory gene is critical to cellular processes such as cell 
motility and cell division during mitosis.''' '^ A direct synergistic 
effect has been reported when nab-paclitaxel is administered 
with gene silencing of STMNL' 

Clinical investigations of taxanes, however, have been 
less promising. In a Phase I clinical trial, a weekly 1-hour 
infusion of paclitaxel (70 mg/m^ starting dose escalated to a 
maximum of 1 00 mg/m^) in patients with unresectable HCC 
resulted in a 63% disease stabilization rate."" However, in a 
Phase II clinical trial, paclitaxel (175 mg/m^) administered 
every 3 weeks failed to show anticancer effects in patients 
with HCC." It is unclear whether this discrepancy in clini- 
cal activity between the weekly versus 3-weekly regimen is 
associated with the fact that activity of paclitaxel is directly 
related to the cell cycle, and whether it is for this reason 
that more frequent administration might improve efficacy. 
In breast cancer, however, paclitaxel administered in a more 
continuous low-dose manner has been shown to exhibit more 
proapoptotic and antiangiogenic properties, increasing its 
antineoplastic effects."*" 

Docosahexaenoic acid (DHA)-paclitaxel (Taxo- 
prexin®, Protarga Pharmaceuticals, Philadelphia, USA), 
a conjugate formed by the covalent linkage of the fatty acid 
DHA with paclitaxel, was developed with an aim of increas- 
ing drug exposure without worsening toxicity. A single-center 
Phase II trial of DHA-paclitaxel in advanced primary cancers 
of the liver, including HCC as well as gallbladder and biliary 
tract cancers (NCT00422877),*° was registered as having been 
completed in December 2008. However, results of this study 
do not appear to be readily available in published literature. 

Epothllones 

Six epothilones have been studied in preclinical and clini- 
cal trials,**' with patupilone (epothilone B) being the most 
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investigated in HCC. Specifically to HCC, preclinical studies 
with patupilone as a single agent have shown it to be more 
potent than docetaxel, paclitaxel, or doxorubicin in HCC cell 
lines."^ This approach has also been taken to a two-stage Phase 
II clinical trial,*^ which demonstrated an acceptable safety 
profile but with only modest clinical activity. Of the 24 evalu- 
able patients recruited into the first stage, only one patient 
had a confirmed partial response through four cycles. Median 
progression-free survival was 3 months, and ten patients 
(40%) progressed within the first two cycles. Initial results 
of this study did not meet the predetermined efficacy criteria 
to proceed onto the second stage of the study. 

Aurora kinase inhibitors 

The overexpression of Aurora kinase B, which specifically 
regulates chromosome segregation, cytokinesis, and protein 
localization to the centromere and kinetochore during mito- 
sis, is correlated with genetic instability in HCC.""^' It has 
been identified as an independent predictor of recurrence. 
Small molecule inhibitors of Aurora kinases are undergoing 
Phase I and II trials^'"*' in various malignancies, and these 
may potentially be ideal candidates for treatment of HCC. 

MBAs in combination with PI3-kinase 
(PI3K)/Akt/mammalian target of 
rapamycin (mTOR) inhibition 

Prior studies have shown that activation of the upstream sig- 
naling molecule of the mTOR, namely Akt, results in marked 
increase in resistance against microtubule-directed agents, 
while mTOR inhibitors were able to inhibit this PBK/Akt/ 
mTOR-associated resistance.'" As both microtubules and the 
mTOR pathway are considered druggable targets with thera- 
peutic compounds for other indications already developed 
and available, the combination of these agents in the treatment 
of HCC has also been investigated. mTOR is a key effector 
in the PBK/Akt/mTOR pathway and plays a critical role in 
regulating cell proliferation, survival, and angiogenesis;" as 
such, it is a prominent potential therapeutic target for HCC. 
Aberrant activation of mTOR is common in HCC, accounting 
for -45% of cases, and its overexpression has been associated 
with poor prognosis in HCC patients.'^"'* The downstream 
targets of mTOR include ribosomal p70S6 kinase and 
the eukaryotic initiation factor binding protein (4E-BP1), 
which regulates cell cycle, cell growth, and protein synthe- 
sis.'^ Recently, it has been shown that the mTOR inhibitor 
everolimus specifically impaired cell-cycle progression in 
non-transformed hepatocytes with DNA damage in vivo, 
and long-term treatment with everolimus markedly delayed 



liver tumor development that is induced by DNA damage, 
indicating that mTOR activation has a substantial effect on 
hepatocarcinogenesis."' 

Aside from the mTOR inhibitor everolimus, the antitumor 
effects of the PI3K inhibitor BEZ235 and BKM120 were 
also studied preclinically in seven hepatoma cell lines as 
monotherapy and combination therapy with doxorubicin, cis- 
platin, irinotecan, or fluorouracil in vitro and in xenografts." 
Targeting the PI3 -kinase/ Akt/mTOR pathway at multiple 
levels may therefore provide more effective antitumor activ- 
ity than selective inhibition of only one component of the 
pathway. Furthermore, an upstream inhibition of the pathway 
by blocking PI3K not only prevents feedback activation, but 
also inhibits the activation of several other kinases, transcrip- 
tion factors, and proteins that promote survival and growth 
of cancer cells. Treatment with these compounds reduced 
tumor growth mainly by inhibiting cell-cycle progression 
rather than induction of apoptosis. Clinically, mTOR target- 
ing with everolimus has shown a modest antitumor effect 
in HCC, with a disease control rate of 44% in a Phase I/II 
study.'* A global Phase III study of everolimus in patients 
with HCC after progression on sorafenib (EVerOlimus for 
LiVer cancer Evaluation- 1 [EVOLVE- 1]) NCT0I035229" 
has recently been reported to have failed to reach its primary 
endpoint in improving OS with everolimus.""' 

Temsirolimus has also undergone a Phase I/II clinical trial 
as a single agent in patients with unresectable HCC."" The 
Phase I portion identified 25 mg weekly every 3 weeks to be 
the maximum tolerated dose. In the study population, over 
half of whom had had prior systemic therapy for advanced 
HCC, temsirolimus demonstrated tumor stabilization of more 
than 12 weeks in 39% of patients. Temsirolimus has also 
been studied in combination with sorafenib.'"^ The Phase I 
dose-finding trial established a lower maximum tolerated 
dose of this combination in HCC patients than in those with 
other malignancies; the recommended Phase II dose for 
HCC is 10 mg intravenous temsirolimus weekly and 200 mg 
sorafenib by mouth twice daily. '"^ The Phase II trial for the 
combination is currently ongoing (NCT01687673)."'^ 

It is believed that, in most cancers, the effect of mTOR 
targeting is indeed largely cytostatic, which may limit its 
potential as a single agent in cancer therapy.'"'' Combination 
treatment with a cytotoxic agent may represent a more 
effective therapeutic direction.'"^ Prior studies have dem- 
onstrated involvement of the mTOR pathway in resistance 
to MBAs;'" activation of Akt has been shown to result in a 
marked increase in resistance against microtubule-directed 
agents, while rapamycin (an mTOR inhibitor) treatment was 
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able to inhibit this PI3K/Akt/mTOR-associated resistance.'" 
This has led to the hypothesis that co-targeting mTOR and 
microtubules may be a more potent treatment strategy for 
HCC. There is now renewed enthusiasm about the potential 
activity of patupilone in combination with mTOR inhibi- 
tors. Indeed, recent in vivo and in vitro studies have shown 
that a combination of mTOR inhibitor temsirolimus and 
low-dose vinblastine had a marked antitumor effect.'"* 
Similarly, everolimus was also investigated with low-dose 
patupilone, with promising results'*' reconfirming a syner- 
gistic effect between mTOR inhibitors and MBAs in HCC 
cells. More interestingly, accompanying mechanistic stud- 
ies demonstrated that the marked antitumor activity of the 
combination was not affected by further suppression of the 
mTOR signaling pathway compared with everolimus alone, 
but may be due to possible induction of apoptosis in these 
HCC models mediated by the combination treatment."*' The 
combination was also found to induce a significant reduction 
in microvessel density in tumors when compared to those 
treated with vehicle control, indicating potential antiangio- 
genic activity.'" 

With the hypotheses of the potential advantages in com- 
bination treatment of mTOR inhibition and microtubule 
targeting having generated exciting preclinical results, there 
is now a need to translate these into clinical investigations 
and early-phase human trials. 

MBA toxicities and potential implications 
for the treatment of HCC 

While there have been few dedicated clinical investiga- 
tions of MBAs in patients with HCC, common toxicities 
of MBAs may pose a challenge - either when MBAs 
are used as single agents or in combination treatment. 
Treatment of inoperable HCC is often complicated by 
medical comorbidities. The commonest and most obvious 
comorbid condition is liver cirrhosis, which in itself can 
have significant implications for a patient's functional 
condition and body reserve. 

Neuropathy induced by established MBAs is potentially 
a severe and dose-limiting side effect,'"' which is also dose- 
cumulative. It usually manifests as a painful and debilitating 
peripheral axonal neuropathy for which there is currently no 
effective symptomatic treatment.'"* Patients with preexisting 
neuropathies, such as in cases of chronic alcoholism, which 
is also a risk factor for HCC, may be more severely affected. 
A major difficulty in the screening of novel MBAs for neuropa- 
thy is the lack of adequate preclinical models. Myeloid toxicity 
is also frequently observed with MBAs, with subtle differences 



between compounds within the same family.^' Neutropenia is 
often the most frequent and/or severe side effect, but thrombo- 
cytopenia remains a concern. This may be particularly relevant 
to HCC patients with low platelet and white blood cell levels due 
to preexisting liver cirrhosis and portal hypertension. Bleeding 
risks associated with thrombocytopenia may be magnified by 
potential coagulopathies in this subset of patients. On the other 
hand, some toxicities are relatively compound specific, such 
as fluid retention observed in patients receiving docetaxeP' or 
diarrhea after patupilone therapy.'"'"" 

Given the complexity of physiological states of patients 
with HCC and its comorbidities, prior dose-determining 
studies in other patient populations may not necessarily apply 
to patients with HCC. 

Conclusion 

As most patients with HCC present with advanced and inop- 
erable disease, there is still an unmet need for better systemic 
treatment. While sorafenib has made some headway in this 
regard, other lines of systemic therapy need to be developed 
to provide options for patients who become refractory to or 
who are ineligible for sorafenib. 

Preclinical studies have suggested that MBAs appear to 
be a class of agents that may fit into this armamentarium. 
There is a need, however, to establish whether a single-agent 
sequential approach or a combination approach, possibly at 
low doses in combination with mTOR inhibition, may lead 
to better results. Given the fact that patients with advanced/ 
inoperable HCC can be physiologically distinct from other 
populations, there is also a need to embark on early-phase 
dose-finding trials, preferably in the setting of early-phase 
studies, to establish toxicity and tolerability profiles in this 
unique patient population. 
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